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SUMMARY

Interferometricmeasurementsweremadeofthedensityprofilesof
an unsteadyturbulentboundsz’ylayerontheflatwallofa shocktube.
Theinvestigationincludedbothsubsonicandsupersonicflow(Machnwn-
bersofO.~ and1.77)withnopressuregradientandwithheattransfer
to a coldwall. Velocityprofilesandaverageskin-frictioncoefficients
werecalculated.Effectsonthevelocityprofileof surfaceroughness
andflowlengthareexamined.

INTRODUCTION

Intheapplicationoftheshocktubeas a high-temperaturetest
facility,a knowledgeofthephysicalcharacteristicsofthetime-
dependentboundarylayerontheshock-tubewallisdesirablesinceskin-
frictionandheat-conductioneffectscanbe suchas to altertheresulting
flowfromthatpredictedby ideal-flowtheory.Thetheoreticalmethods
by whichtheseeffectscanbe calculatedfora turbulentboundarylayer
involvetheassumptionofa specificvelocityprofile,andthereisvery
littleexperimentaldataintheliteratureuponwhichtobasethisassump-
tion. Recently,subsonicvelocityprofilesof shock-inducedflowon
roughsurfaceshavebeenmeasuredby meansofa bullettechnique(ref.1).
Mach-Zehnderinterferometerstudiesoftheboundary-layergrowthon shock-
tubewallshavebeenreportedinreferences2 and3 forshock-tubeflows
withlowsubsonicandsupersonicfree-streamvelocities,respectively,
butno attemptsweremadethereinto calculs.tethevelocityor otherper-
tinentparametersfromthemeasureddensitydistributions.An interfer-
ometricinvestigationofboundsry-layervelocityprofilesin shock-tube
flowwasconductedatbothsubsonicandsupersonicfree-streamvelocities
inreference4,butwasrestrictedto thestudyofthelaminarportion
oftheflow.

Thepurposeofthepresentinvestigationwas,therefore,theinter-
ferometricstudyoftheturbulent-boundary-layercharacteristicsinboth
a subsonic(M= O.m) anda supersonic(M= 1.77)shock-inducedflow. The
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~hock-tubeflowunderconsiderationwasessentiallyan
overa smoothflatplatewithnopressuregradientand
ferfl?omthefluidto a coldwall.Alsoincludedwere
evenlydistributed,fineroughness.

NACATN4243

unsteadyflow
withheattrans-
theeffectsofan

Inthisinvestigation,thepartoftheboundarylayerstudiedwas
theoutermostorfullyturbulentportion,whichcomprisesapproximately
80percentofthetotalthiclmess.A studywhichwouldincludethe
laminarandbuffersublayerswouldbe very‘&esirablesincetheseregions
aremoredirectlyaffectedby thewallskinfrictionandheattransfer.
Unfortunately,inan opticalstudyofa flowovera coldwallsuchas
this,thelightraysclosesttothewallarestronglyrefractedtoward
thesurfaceofthewallandtheinterferometeristherebypreventedfrom
“seeing”thisregionofthefluid.Thepresentmethod,however,appears
to be themostpromisingapproachtothestudyofboundary-layerflowof
suchshortduration.

As inanyinvestigationofturbulentboundarylayers,beforeany
comparisonofresultswiththeoryorwithotherexperimentaldatacsmbe
made,thelocation
mined.Itwillbe

A

B

andstabilityofthetransitionpoint?mstbe deter-
shownthatthisproblemisofmajorconcern.

SYMBOLS

r7-1~ 42
constantinequation(3),

Tw
q

~+Y-l
-2- %2constantinequation(3),
TV

-1

k
CF averageskin-frictioncoefficient,~

J’50
cfd~

Cf localskin-frictioncoefficient,Tw

; P2>2

CP specificheatat constantpressure

—
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constant

boundary-layerformparameter,E*/%

Gladstone-Daleconstant “

compressibilitycorrection

len@h oflightpaththroughthedisturbanceinthetest
section

correctionappliedtopathlengthL to accountfortheside-
wallboundary-layerandcornereffect

~ch nuniber

l/l?

()
reciprocalofvelocityexponentintheequation& . ~

%

localpressure

Reynoldsnumberbasedonflowlengthalongplate,u#/V2

fringeshift(dimensionless)

time

absolutetemperature

velocityrelativeto thewall

internalwidthofthetestsection

coordinate

coordinate
wall

coordinate
parallel

measuredparalleltotheshock-tubeaxis

measuredperpendicularto the

measuredperpendiculartothe
to thebottomshock-tubewall

bottomshock-tube

shock-tubeaxisand

ratioof specificheatat constantpressureto specificheat
at constantvolum,assumedto varywithtemperature

thicknessoftheboun~ layer
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5* boundary-layer

e boundary-layer

v coefficientof
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displacementthickness,J’&&.)&

momentumthickness,J&$)&&w

viscosity

v kinematicviscosity
b

7Wa averagelocalshesringstressbetweenpointsa andb on
x,tdiagram

A wavelengthoflightina vacuum

E free-streamflowlength

P density

T localshearingstress

u.Lm%i*2 -2/@+3j-(N+l)/(N+3)
VP

Q =1+ ‘s ()5* ~
us -U2 lj--

on e,.gcurve

shockwave

Subscripts:

0. referencepoint

1 regionaheadof

2 uniform-flowregionbehindshockwave

a,b pointson x,tdiagram

n anylightraythroughtheboundsrylayer

s shockwave

w wall

6 outeredgeofboundarylayer .

f
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trans transition

m freestrewn

A barovera symbolindicatesthemeanvalue.

APPARATUS

ShockTube

Thestudiesoftheboundary-l~erdevelopmentweremadeina
stainless-steelshocktubeofrectangularcrosssection,4 incheswide
and7~incheshigh,designedfora maximuminternalpressureof100p~ds

2
persqusreinch.Thebottomwalloftheshocktube,a groundandpolished
surfaceonwhichtheboundarylayerwasstudied,hadthreejointslocated
1.1,3.1, and7.1 feetupstreamoftheverticalreferencewireinthetest
section.Dowelsbetweentheshock-tubesectionsinsuredaccuratealine-
mentofthesejoints.Thiswallwaslatercompletelycoveredwithartifi-
cialroughness,consistingofverycloselyspacedNo.160c~borundum
grains.Thesewerelacqueredover7 feetofthelengthofthewall
upstreamoftheverticalwireinthetestsection.Thee~erimental
arrangementisdiagramedin figure1.

Thehigh-pressuresectionwask feetlongandhada rcdofT/16-inch
diameterrunninglengthwisethroughitscentertopuncturethediaphragm
at a predeterminedpressure.Rectangulardiaphragmsof2024-0aluminum
alloy(0.032inchthick)werescribeddiagonallyonthelow-pressureside
to sucha depththatthediaphra~wouldbe closeto itsbreakingpoint
attheparticularpressureofeachrun. Airat 60poundspersquareinch
andheliumat 100poundspersquareinch,bothatroomtemperature,were
usedinthehigh-pressurechsxiber.Thediaphragmswereplacedsothat
therodwouldmakeitspunctureattheintersectionofthescribemarks.

Thelow-pressureendwasmadeup offiveseparatesections,twoof
whichcontained8-by 18-inchglasssidewalls1.2inchesthick.The
firstofthetwosectionswithglasssidewallsextendedbetween12and
14 feetfromthediap&agmandwastraversedby thelightbesmsforthe
shock-velocitymeasuringstations.Thesecondextendedbetween14and
16 feetfromthediaphragmandcontainedthetestsectionwithwindowsof
selectplateglass,interferometerlightbeam,andassociatedreference
wires.Withairat 60poundspersquareinchgageinthehigh-pressure
end,thelow-pressuresideoftheshocktubewasat roomconditions;with
heliumat 100poundspersquareinchgageinthehigh-pressureend,the
low-pressureendwasevacuatedto approximatelyone-fiftiethofan atmos-
phere(15.1mmHg abs).
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Interferometer

TheinterferometerwasoftheMach-Zehndertypeandstraddledthe v
tubeatthemidpointofthetestsection.Itsfieldofviewwas3 inches
sqme. Thelightsourcewasa sparkobtainedby discharginga 0.25-
microfaradcapacitor,chargedto16,OOOvolts,acrossanairgapbetween
twomagnesiumelectrodes.Thelightfromthesparkilluminatedthe
entranceslitofa monochromatorsettopassthemagnesiumtripletata
wavelengthof5,170angstroms.Theexitslitwasparalleltothefringes
andmeasured0.25mtuby2 mm.

Theobjectiveoftheinterferometercamerawasan f/5 parabolic
mirrorof30-inchfocallength.Thelightfromthismirrorwasreflected
off-axissothatthefocalpointofthereflectedbeamwouldbe located
outsidetheincomingbeam. Thecamerawasfocusedhalfwayacrossthe

1 w.spanoftheboundary-layerplateat~ However,becauseoftheresultant
astigmatism,thepointofbestfocusvariedfrom~ W forverticallines3
to~W forhorizontallines,measuredfromthecamerasideoftheshock

3
tubeinwhitediffuseillumination.Theramificationofthecemera w
was0.28.

LightScreens

TheshockvelocitywasmeasuredopticaUyby means
screens,spaced12.78inchesapart.Thesecondstation
19.09inchesupstreamoftheverticalreferencewirein

w

oftwolight
waslocated
thetestsection.

Eachbeamwas2 incheshighby 0.02inchwide. Thelightsourceforeach
systemwasa 10-wattconcentratedarclampandthesensitiveelementwas
a 931Aphotomultlplier.Thetimereqyiredfortheshockwaveto traverse
thedistancebetweenthelightscreens,aswell.asthetimebetweenthe
trippingofthesecondlightscreenandthetakingoftheinterferogram,
wasrecordedonelectroniccounter-chronographs.

EXPERIMENTALPROCZLXJRE

Thetechniqueofobservingthediffractionfringesofa wedgeplaced
intheinterferometer’sfieldofviewinthetestsectionwasus&l~o
adjusttheinterferometersothatitsbeamoflightwasaccuratelypard-
leltothebottomwalloftheshocktube.Thecemeraoftheinterferometer
wasthenfocusedmidwaybetweentheshock-tubewindows.Theno-flow
fringeswereorientedperpendicularto thebottomsurfaceoftheshock
tube. Thisarrangement,in contrasttoparallelfringeorientation,

.+

Y
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permittednotonlyan easierevaluationoftheeqpationsrequiredto
obtainthefringe-shiftgradientnormalto thewallbutalsoa better
determinationoftheouteredgeoftheboundarylayer.

Theexperimentalprocedurewassimilarforthehigh-speedandlow-
speedtests.Eitherdrybottledairorheliumatroomtemperaturewas
admittedintothehigh-pressurechamberandthelow-pressureendwas
adjustedto thecorrectpressure,afterwhichthediaphragmwasbroken
by therod. Theshockwavemovingthroughthelow-pressurecha?iberwas
timed,andtheflowfollowingtheshockwasphotographedat a predeter-
minedinstant.Bothinterferometerandschlierenpicturesweretaken
oftheflow,buttheycouldnotbe takenatthesametime. Oneflow
photographcouldbe madeduringeachrunby adjustingthevariabletime
delayto sucha settingthatallthedatalaywithintheuniformflow
ofregion2 shownonthex,tdiagramsoffigure2. Theborn-layer
growthwasthendeterminedfroma seriesofphotographstakenat suc-
cessivet~ intervalsaftertheshockwavepassedthecenterofthetest
section.

Thefree-streamflowconditionsbehindtheshockwave(region2)
weredeterminedby usingtheconditionsaheadoftheshock(region1)and
theshockvelocityintheRankine-Hugoniotrelationsfortheflowthrough
a shockwith 7 v~iable.

Interferencephotographsoftheboundarylayer,shownin figures3(a)
and3(b)aretypicalofthelow-andhigh-velocityrunswitha smooth
wall. Thedensitygradientintheboundarylayerisindicatedbya dis-
placementoftheinterferencefringesfrmntheuniform-flowpositionin
thefreestream.h thesefigures,a displacementto therightindicates
an increaseindensity.Althoughthetotalfringeshiftatthewallis
approximatelythesane(20to 21 fringewidths)forboththehigh-and
thelow-velocityfree-streamflowcases,a shiftof only2 widthsis
visibleinthesupersonicflowas comparedwith7 or 8 inthesubsonic
flow. Theflowisfromleftto right;flowlengbhisthereforeincreasing
fromrightto leftsndisdefinedas thedistancea free-streamparticle
hasmovedsinceitwassetinmotionbytheshock.Theequationforthe
ratioof flowlengthto shock-tubelengthis

Ir,thelow-speedcase(fig.3(a)),thedifferencein flowlen@hbetween
particleslocatedinthefreestreamon oppositesidesofthepicture
is0.17foot;inthehigh-speedcase(fig.3(b))thisdifferenceis
l.iofeet.Thewidthofbothpictures,measuredin shock-tubecoordinates,
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iS0.25fOOt. ThegradualcurveoftheinterferencefringesinthefYee-
streanregionabovetheboundarylayeroccursinboththeno-flowandthe

——

flowphotographs,andthereforeshouldnotbe interpretedas a density v
gradientinthefreestream.Itisdue,instead,totheimperfectionof
theshock-tubewindows.Averagevaluesofvarious flow parametersfor
boththesubsonicandthesupersoniccasesaregivenintableI.

A schlierensurveyoftheregionofflowcoveredby theinterfero-
gramswasalsomade. Typicalschlierenphotographsoftheshockwaves
andoftheregionimmediatelybehindthemarereproducedinfiguxesJ(a)
andb(b)forthelow-andhigh-velocityflowovera smoothwall.

Theinterferogramswereanalyzedby themethodof superposingwith-
flowud no-flowinterferograms(ref.5). Themeasurementofthefringe
shiftwasaccomplishedas follows:A photographicprintoftheinterfero-
metricnegativewasmadeapproximatelyfourtimesactualsize.sixto
eightcrosssections(i.e.,positionsalongthewall)oneachinterfero-
gramweremeasureddirectlyontheenlargement,anda plotoffringe-
shiftvariationwithdistancefromthesurfaceoftheplatewasthen
obtained.

●

A limitationofthecomparatorusedto measurethepositionsofthe
centersofthefringespreventedsimultaneousx and y measurements.
Therefore,becauseofthelargenumberof crosssectionsprocessed,only v

valuesof S . 1/2,1,1$ andsoforth,weremeasured(exceptforsome

ofthehigh-speeddata),sinceonlythecentersofthefringescanbe
accuratelymeasuredalonga lineoffixedposition.Ifa one-dimensional
flowfieldcanbe assumed,intermediatefringeshiftscanbe obtained,as
outlinedinreference6, by determiningtheshapeofthefringesinthe
regionunderstudy.Thisprocedurewasfollowedforonlya fewselected
crosssectionsofthesupersonicsmooth-wallboundary“layer.

Theresultingfringeshiftsforcrosssectionsofapproximatelythe
samefree-streamflowlengthwerethenaveragedarithmeticallyinboth
~ and y, andtheaveragefringeshiftwasthenrelatedto thedensity
by meansofthefollowinggeneraleqpation,applicableto two-dimensional
flowfields:

(1)

where
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Inthecalculationof
Onecorrectionwasmadeto

9

thedensity,twocorrectionswereapplied.
accountforanyslightchangeinthe

“undisturbed”Hinge spacingoccurringduringtheintervalbetweenthe
takingoftheno-flowinterferogr

Y
beforetherunandthetakingofthe

flowinterferogmm.Thiscorrectonwasmadeinthedarkroombyslightly
adjustingthesizeoftheenlargementoftheno-flowinterferogramso
thatthespacingofthefringeswouldcoincidewiththespacingofthe
fringesintheregionofuniformdensityonthewith-flowinterferogrsm.
At thesaaetime,spuriousfringeshifts,causedby turbulencein the
side-wallboundarylayer,weresomewhatreducedby -tchti theno-flow
interferencefringesto thebestaverageofthoseinthefreestreamof
thewith-flowpicture. >

TIEothercorrection,whichwas-de to accountfortheeffectofthe
side-wallboundarylayersandtheirintersectionat thelowercornersof
theshocktubewiththeboundarylayerbeingstudied(fig.5),isderived
inappendixA undertheassumptionthattheaverageboundary-layerpro-
file;-ata particular
were
path
tube

identical.This
throughthetest
widthW by the

valueo> ~ onthewindows-andonthebottcxc-wall
correctionisappliedto thelen@h ofthelight
sectionandresultsina shorteningoftheshock-
amount2(8- 1)0 Eqpation(1)becomes

SAPn= + p~
k(W- 25 + 22)

where

1 =

Thelengtht wasfound
thedensityvariationthrough

~’(p- ‘n)dz
n

(4

(3)

to a secondapproximationby assumingthat
theside-wallboundarylqyerwasthatcal-

culatedfromthemeasuredfringeshiftby usingequation(1)and L = W.
Thenbygraphicalintegrationoftheresultingplotandequation(3), Z
wasdeterminedto a third approximation.Theprocesscouldthenbe
repeatedto obtaina fourthapproximation,butthethirdwasfoundtobe

1sufficientforthisparticularinvestigation.Aftertheestimationof
thecornereffectonthepathlength,theaveragedensityprofilefora
particularflowlengthwascomputedfromtheaveragefringe-shiftdistri-
butionandplottedas a function ofthedistancey/8. (Ageneraldis-
cussionoftheassumptionsmadeinrelatingthedensityto thefringe
shiftis containedinappendixB.)

.
‘Notethatfor L . W, thefirstapproximationto 1 is 5.
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Withconditionsinthestreamandthemeanlocalfluiddensities

determined,itwaspossibleto calculatethemeanlocalvelocitiesfrom
thedensities.Withtheassumptionof constantpressureintheboundary v
layernormalto thewall,usecanbe madeofthefollowingrelationdue
to VanDriest(ref.7) fora fluidwitha Prandtlnumberof1.0:

(4)

where
7-1

A2 =
~ %2

%
T2

l+L ; ‘%2.
B= -1

Tw
T2

and

Tw = Tl

Equation(4)canbe appliedonlyiftheassumptionss.remadethatcon.
stant pressureexiststhroughoutthefluid,thatthePrandtlnumberis
unity,thattheboundarylayeristhin,andthatthespecificheatof
airat constantpressureis constantthroughout theflowfieldatthe
valuedeterminedby thetemperatureofthefluidatthewall. Thislast
assumptionisa seriousdeviationfromthetruth,inthecaseofthe
supersonicfreestream,sincethetemperatureatthewallisapproxi-
mately~0° R, whilethetemperatureofthefluidintheflreestreamis
approximately2,500°R, andthiscouldresult inan errorinthecalcu-
lated velocity profile.

Inthederivationofequation(4),steadyturbulentflowovera
stationarywallwasassumed.Thequestionarisesastowhetherthis
equationcanbe appliedtotheunsteadyflowoftheproblemunderstudy.
Inreference8 anexpressionwasderivedforthetemperature-velocity
relationfora laminarboundarylayerdevelopingbehinda traveling
shockwave,whereinthecoordinatesystemwasallowedtomovewiththe
shock. Theflowis steadyinthesecoordinates.Ifthisrelationis
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transformedto thestatiommy(unsteady)
itstransformedstateitis identical.to
SincetheCroccorelationisthesameas

11

coordinatesusedherein,in
theso-calledCroccorelation.
VanDriest’seqmtion(theonl.

differencebeingthattheCroccorelationwasderivedfora lamlnsr -
boundarylayerandthereforerequiresinstantaneousvaluesofthevaria-
bles),itwouldappearthattheVanDriestequationcouldalsobe applied
to theunsteady-flowboundsrylayerwithoutseriousreservation.

Eqyation(4)alsorequiresa knowledgeofthetemperatureofthe
surfaceoftheplate.Throughoutthepresentcalculations,thetempera-
tureofthewallisassumedtobe thewalltemperaturemeasuredimmediately
beforeeachrun. Actually,e~erimentswiththin-filmresistancethermom-
eters(ref.4) indicatethatthereisa smalltemperatureriseonthe
wallwiththepassageoftheshockwavefora smooth-wallboundaryla.y&r
andanotherwiththepassageofthetransitionpoint,bothofwhichtight
totalseveraldegreesatthelongerflowlengthsusedherein.Inthe
caseoftheroughwall,however>theass~tion thatthetemPerat~eOf
thesmallparticlesof Carborundumimbeddedina lacquerinsulatorwould
as closelyduplicatethesurfacetemperatureofa smoothsteelplateunder
similarflowconditionsis questionable.Theanticipatedeffectofthe
roughnessonthewalJ.temperatureisan increaseinthewallsurface
temperaturebeyondthatwhichoccurredinthecaseofthesmoothwali.
AS a consequence,thefinalvelocityproffiecouldbe ~ erroro~ng to
thefactthattheassumedtemperatureofthesurfaceiS too 10W,and
thiserrorwouldresultina velocityprofilewitha higherthanactual
valueof N (iftheprofilewerefollowingthevelocitylaw

() )
_= #N.u
U2 5

Anotherimportantrequirementofequation(4)isthattheknown
densityprofilethroughtheboundarylayermustbe a mean-valueprofile.
Ina studyofa highlyturbulentflowinvolvinginstantaneouspictures,
theachievementofa fatil.yreld-ablemeanprofilewouldbe expectedto
requiretheprocessingofa lsrgenuniberof crosssectionsforeachcom-
binationofthefree-streamflowparametersinvestigated.Inthepresent
investigation,becauseofthepracticallimitationsoftheinterferometric
techniques,itwaspossibleinthehighlyturbuentcasesto ~asureOIW
a few.

Theattachmentofa statisticalaveragewitha minimumnuniberof
crosssectionswasassistedby thefactthattheinformationfrcsnan
interferometerisalreadyan integratedresultandtheamountof inhomo-
geneityobservedisa functionofthenarrownessofthetestsectionand
thescaleoftheturbulence.A hindrancewasthefactthatinthevicin-
ityofthefree-streamboundarythediffusenessofthefringescaused
difficultyin locatingpointscorrespondingto smallchangesindensity
andcontributedto thedifficfityoffairinganaccuratefringe-shift
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*
curvethroughthisregion.Anotherdifficultywasthefactthatsincethe
tests,performedat certainnominalpressureratios,wereactuallymade
withthehigh-pressurechamberatthes- gagepressure,variationsin ?
atmosphericpressureandtemperaturefromr~ to runandvariationsin
themannerinwhichthediaphragmburstmadeitdifficulttoreproducea
givenstateby repeatididentical.runs. Inthisinvestigation,alldata
inwhichthefree-streamflowvelocityvariedfromthemeanbymorethan
1 percentwerediscarded.Inthefinalanalysis,aftertheundesired
datawerediscarded,141densityprofilesweremeasuredforthesubsonic
smooth-wallbound~ hyer and488profilesforthesupersonicsmooth-
wallboundarylayer.Itwasfoundthatfewercrosssectionswereneeded
inthevicinityoftransitionthanatthelongerflowlengths.

Closebehindtheadvancingshockwave,theboundarylayeristhin
andlaminarin structure;a density-profilemeasurementisbeyondthe
resolutionoftheopticalequipmentusedto obtainthepresentdata.
Accordingly,thereisno directevidenceofthebeginningoftransition ‘“-““ --
to turbulence.Indirectly,thebeginningoftransitionis indicatedon
theinterferogramsby a largechange(decrease)intheamountoflight
cutoff,causedby refraction.Simultaneously,a rapidincreasein b
occurs. Becauseof disturbancespresentinthefreestreamforboththe
high-andlow-speedflowcases,

*
itwouldbe dangerousto attachtoomuch

importanceto thetransitiondataas such. It isbelieved,however,that —

thecharacteristicsoftheturbulentlayerareindependentoftheelements r
whichcausedthedestructionofthelaminarlayer.

Theouteredgeofthetransitionregionofthesupersonicsmooth-
wallboundarylayerwasquiterepetitious.(fig.6). At longerflow
lengths,however,therepetitionended.&–causeofthelargespread
inthedatainthisregion,an attemptto obtaina betteraverageat
oneflowlengthresultedinthereadingof66crosssectionsatvalues
of ~ near8.3feet.Arithmeticaveragesof ~ andof y werethen
taken.Theindividualvaluesof y whichmadeupthismeanprofilewere
inspectedat severalparticubrvaluesof P/p2,andforeachvalueof
P/P2 theywerefoundto haveanunsymmetricaldistributionaboutthe
arithmeticmean,withthearithmeticmeanexceedingthemostprobable
valueof y by a slightamount.Sincemostofthedatapointsreported
hereinarearithmeticaverages,it ispossiblethatallthedataresulting
fromsuchan averagearelikewisedisplacedslightlytowardthestream
fromthetruemeanvalue.Itisbelieved,however,thatthiseffectis
small●

—..

—.
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RESULTSANDDISCUSSION

Theprincipalresultsofthisinvestigationarethedensitydistri-
butions.However,preliminaryto a discussionoftheseprofiles,a plot
ofthemeasuredpositionofthefree-streamedgeoftheboundarylayer
as a functionofflowlen@h forthevariouscouibinationsof tiee-stream
velocityandwallconditionis of interest.Thevariationsofboundary-
layerthicknesswithflowlengthforthesmoothwall,subsonicandsuper-
soniccases,me presentedinfigures6(a)and6(b);fortheroughwall,
subsonicandsupersoniccases,infigures6(c)and6(d).

Densityandvelocityprofilesthroughtheboundarylayersoffigure6
arepresentedin figures7 to Il. MesxLprofilesforfourfree-streamflow
lengthsin thefullyturbulentregionofthesubsonicflow(~ . O.~)
overa smoothwallareshowninfigure7(a). Becausethedatainthe
transitionregiondidnotexhibittheirregularitychsxacteristicofthe
longerflowlengths,a particularphotographofthetransitionregionof
thisflowwaschosenforevaluation,andtheresultswereplottedas
individualcrosssections infigure7(a). Thecurvesoffigure7(a)show
similaritywitheachother.Theoverallrangeofvariationoftheparam-
eter y/5 at severaldensityratiosis indicatedinthefigureby arrows.
Velocityprofiles,calculatedfromthedensityprofilesoffigure7(a)by
meansofequation(4),arepresentedin figure7(b).

Thedensityandvelocityprofilesforthesupersonicturbulentsmooth-
wallboundaryl~er werecomputedandareplottedin figures8(a)and8(b).
A salientfeatureoftheseplotsisthelargespreadinthedata,which
isprobablydueto thelargescaleof theturbulence.Figure6(b)shows
thatthisspreadbeginsimmediatelybehindthetransitionregionand
increaseswithflowlength.Thedistributionsoffigure8 sxesimilarin
thevicinityofthewall,andthespreadinthedataincreasesrapidly
towsrdthefreestream,causingan irregularvariationin shapewithflow
length,theprofileatthehighestflowlengthsbeingsimilarto thatat
thelowest.

Thespreadofthedatathat~ke up.theaverageprofilesofthesuper-
sonicboundarylayerpointup theneed formuchmoredata.Unfortunately,
moretimewasnotavailableforthispurpose.Instead,a curvewasfa.ired
throughthedatapointsoffigure6(b).A fewpictureswerethenselected
whichmaintaineda thicknesscloseto thatofthefairedcurvesndwhich
hada fringe-shiftprofilewhichwasreasonablycloseto theaverageof
theothercrosssectionsinthesameflow-lengthgroup.Theseselected
picturesareindicatedby solidsymbols(each~oup beingthosetakenman
a singleinterferogram)in figure6(b).Theselectedinterferogramswere
thenreread,by themethodoutlinedinreference6, to obtainintermediate
fl?inge-shiftvalues,md thesixor sevencrosssectionsofeachpicture
wereaveragedtogether.Theresultingdensityandvelocityprofilesare
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showninfigures9(a)and9(b)forsixbee-streamflowlengths,together
withsixindividualtransitionprofiles.Thistreatmentimprovedthe
correlationwithflowlen@h ofthehigh-velocitydensityandvelocity v

profilesto suchan extentthatthecurvesoffigure9 canbe saidto
showclosesimilarity,withtheexceptionofthecrosssectionsofthe
transitionregion.

To findoutwhateffectroughnesswouldhaveonthedensityand
velocityprofilesandonthescatterofthedata,theexperimentwas
repeatedwithNo.160Carborundumpowderdistributeduniformlyover
7 feetoftheboundary-layerpla~eprecedingthetestsection.No data
weretakenat flowlen@hsgreaterthan7 ~eet;andinthelow-speed
flowcase,no.dataweretakeninthetransitionregion.Thetotalheight
ofthisroughnesswas0.004inch,andthesurfaceoftheplatewasraised
by thisamountwhenitwasplottedontheinterferograms.Theresulting
positionofthefree-streamboundaryandthecomputeddensityandveloc-
ityprofilesarepresentedinfigures6(c),6(d),10,and11. An inter-
estingresultwasthat,althoughtheroughnesshada considerableeffect
onthethicknessofthesubsonicboundarylayer,no large effectonthe
high-speedboundary-layerprofileswasfound.

w
Thevelocityprofilesoffigures7 to 11werealsoplottedexponen-

tiallyinorderto effecteasycomparisonwiththeprofilesusuallyassumed
intheoreticalstudiesoftheturbulentlayer,whereinthevelocityratio P

isusuallyassumedtovaryas (y/b)lfi.Thesecomparisonsareshownin
figures12to 17,wherethetheoreticaldistributionsarerepresentedby
thesolidanddashedstraightlines,thedatapointsby thesymbols,and
theoverallspreadinthedataby arrows.Thevelocityprofilesforthe
subsonicsmooth-wallboundarylayer(figs.12and13)followtheone-
seventhpowerlawclosely,andthisalsoagreeswitha velocityprofile
whichwascalculatedfromthedataofreference3 (~ = 1.05;~ = 1.4ft)
by meansofequation(4). Therough-walldataareapproximatedbetterby
a one-sixthpowerprofile.

Thesupersonicsmooth-wallprofilesinthetrsmsitionregion(fig.Is)
fittheone-seventhpowerlaw,withtheexceptionoftheprofileat the
longestflowlength.Theprofilesfartherdownstreaminthefullytur-
bulentportionoftheboundarylayerwerebetterapproximatedby theone-
fifthpowerlaw. Thesupersonicrough-walldatafromthetransitionregion
(fig.17)werenotapproximatedverywellby my straightline. Onlytwo
setsofdataoutsidethetransitionregionwereavailableinthiscase,
andbothofthesewereforapproximatelythesamefree-streamflowlength.
As theyproducedidenticalprofiles,onlyoneis shown(fig.17(e)),and
thisfollowstheone-fourthpowerlaw. It shouldbe notedthattheeffects
ofroughnessontheprofileshapeofboththesubsonicandsupersonictur-
bulentlayersweresimilarandcausedtheprofilesto shifttowarda

s
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slightlylowervalueof N. Thisis oppositeto thewall-temperature
effectmentionedpreviously.

Thedeterminationoftheboundary-layerdensityandvelocitydis-
tributionsmadepossiblethecalculationoftheboundary-layerparameters

*,and H, andtheseme presented,alongwith 5, infigure18
~~ ~ 0.50)andfigure19 (~ = 1.77).Bothsmooth-andrough-walldata
areplottedonthesamefigureto facilitatecomparisons.Inaddition,
figure19 showstheparameterscalculatedf!romboththeaveragedandthe
selectedprofiles.

Equationsapplicableto theseflowconditionshavebeenderivedby
RobertL. TrimpioftheGasDynamicsBranchoftheLangleyAeronautical
Laboratory.FYcmtheseitispossibleto calculate,theoretically,the
variationofmomentumthicknesse withflowlengbh~,by makingthe
assumptionofa powerprofileandusingtheSommr-Shortmethodof com-
pressibilitycorrection.Theexpressionfoundformomentum-thiclmess
variationis

N+l’
F N+3 N+3 1=!5

where 6 = El.at E . eo,and

()

*
Q =1+ ‘s ~-lus -u2e

If

2 N+l

()

-—
.&m%*2 ‘-n N+3

V2

andfora one-seventh-powervelocitydistribution
5*and —= 1.285,then
e

-1

F= 0.058, N = 7,
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Forthelow-speedcase P2PI = 2),
(/

K = 1.05

V2= 0.00019ft2sec-1

Forthehigh-speedcase(P2/P1= 25),

K. 1.22

V2= 0.0@42ft2sec-1

Theresultingtheoreticalveriationisshowninfigures18(a)and19(a)
fortheconditioninwhichthevirtualoriginoftheturbulentlayeris
at E = O andalsofortheconditioninwhichthetheoreticalf3is
equaltotheexperimentale attheendoftransition.Theagreement
betweentheoryandexperimentinthecaseofthesupersonicstreamis ●

notverygood,especiallyatthelongerflowlengths.Thisdiscrepancy
couldbe duetotheincorrectassumptionofa one-seventhpowerprofile,
sincethefullyturbulentexperimentalprofilesforthiscasefollowed u

morecloselytheone-fifthpowerlaw. Theagreementbetweentheoryand
experimentinthecaseofthesubsonicstreamismch better.

Itwasfoundthattheboundarylayerbehindtheshockwavewaslami-
narfora certaindistanceandthensuddenlybecameturbulent.Itmight
be expectedthatthebeginningoftransitionwouldvaryfromstreamline
to streamlineacrossthespanoftheplate.Ifthiswerethecase,since
theresultsfromtheinterferometerarean integratedaveragetheresulting ‘“
velocityprofileshouldbebetweena typicallaminaranda typicalturbu-
lentlayerin shape.However,no suchconditionwasfound,aswasshown
by thevelocityprofilesat successivestationsinthetransitionregion.
Neitherwastherea gradualchangeawayfromwhatwouldbe considereda
laminarshapedistribution.Actually,bothsubsonicandsupersonictran-
sitionprofilesagreewellwiththeone-seventhpowerlaw. Ifthepoint~
indicatedinfigures6(a),(b),and(d)as thebeginningof transitioncan
be assumedto be correct,thenthetransitionReynoldsnuniber~~tran=/v2

6was2 x 10 for:thesupersonicstreamov=_bothroughandsmoothwalls
6and1.4x 10 forthesubsonicstreamovera smoothwall. No transition

datawereobtainedforthesubsonicstreamovera roughwall. ItiS
believedthatthetransitionresultsforthehigh-speedflowovera smooth
wallarethemostreliablebecausetherearefewerdisturbancesinthe
streamthanforthesubsonicflowcase,andalsobecause,ashasbeen
suggestedby variousinvestigators,theeffectsofroughnesselementson

P

...
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4
thesurfaceofa platein supersonicfloware
disturbancesthatareproducedarepropagated

17 “

lessimportantsincethe
outsidetheboundarylayer

~ as compressionwaves.‘Thisoutward-protigationofdisturbances& a~so
accountforthesmalleffectofroughnessonthedataforhigh-speedfully ,
turbulentflow.

Reference3 (turbulentprofiles)andreferencek (laminarprofiles)
reportdensityvariationswhichdecreasemonotonicallyfromthewallto
thestresm.Reference2 (hminarandturbulentprofiles),however,indi-
catesa densityreversalinthevicinityofthestream.Thereasonfor
suchbehaviorofa turbulentboundarylayerona coldwallis notunder-
Stod.. Itwasestablishedthatforthevisibleregionsoftheboundary
layersofboththesubsonicandthesupersonicfreestreamofthepresent
investigationthedensityvariationwasa monotonicallydecreasingfunc-
tionof y. Thisfindingis inagreementwithreferences3 and4, and
isat v~knce withthedataofreference2.

Valuesoftheaverageskin-frictioncoefficientCF werecalculated
fromthemomentum-thicknessvariationwith ~ by meansofa modified
K&&n momentumequation.Considerthefollowingsketch,inwhichthe* changeinmomentumthicknesse withtimeat x . constantis known:

i

t

0 constant b
k.

.

x

.
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Then,
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-b
‘wacF=—

$ P2U22

()(
.2% +$-$)

x

.

F

(5)

(6)

Equations(5)and(6)werealsoderivedbyRobertL. Trimpi.Ifthe
experimentalvariationof e with 5 aftertransitionisapproximated
by a straightline,and b*/8 isassumedto be constantoverthessme
interval,thenthevaluesofthevariablesofequation(6) =e as folluws:

-h~d0”+”3010“0581°*00’7w10”3Lowspeed*

smoothw:l111”7711”421●0301”m40914”7Highspeed*

Lowspeed;
roughwall1“4911”381“0351”m198212”1

SUMMARY

Theunsteady(shock-induced)

-t

~b,
ft CF

4.2 0.00375

14.1
I

.00173

OFRESULTS

boundarylayersoverbotha smooth
wallanda wallwithevenlydistributedroughnesshavebeenobservedby
meansofan interferometerforsubsonicandsupersonicfree-streamflows
(MachnunibersofO.~ and1.77)withzeropressuregradientandwithheat
transferto a coldwall. Densityprofileswerecalculatedfromtheaver-
agefringe-shiftdistributionsundertheassum@ionthattherewereno
refractioneffects,butwerecorrectedforcornereffects.Themeasure-
mentofthedensityprofilespermittedcalculationofthevelocity

.
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profilesunder-theassumptionthatthePrandtlnuiberofthefluidinthe
boundarylayerwasunity,thatthespecificheatofairat constantpres-
surewasconstantat thevaluecomputedfortheflowat thesurfaceof
thewall,andthat Tw (thetemperatureofthewall)wasequalto T1
(thetemperatureoftheairintheregionaheadoftheshockwave).In
additionto thedensityandvelocityprofiles,therespl.tsofthisinves-
tigationcanbe sunmmrizedas follows:

1.Thetransitionregionswerereadilydistinguishablebuttheir
positionscouldbe influencedby disturbancespresentintheflow. The
transitionReynoldsnunibersobtained,however,were2 x 106forsuper-
sonicflowovera smoothwall(Tw/T2= 0.22,where T2 is thetempera-

tureoftheairintheuniform-flowregionbehindtheshockwave),and
1.4x 106forsubsonicflowovera smoothwall(Tw/T2= 0.8). Thetransi-
tionvelocityprofilesforbothcasesfollowedtheone-seventhpowerlaw.

2.Themeanvelocityprofilesin theflowfollowingthetransi-
tionregionobeyedthepowerlawsquitewell,butno singlelawcould
be generallyapplied.Profilesata particulsxMachnuriberandwallcon-
ditionwerefoundtobe sidlarforvariousfree-streamflowlengthswhen
plottednondimensionally.

3. Computationofthemomentumthicknessespermittedcomparisonwith
theoreticalsmooth-walldistributionscalculatedfromunsteady-flowtheory
fora one-seventh-powervelocitylaw. Theopticalandthetheoretical
distributionsshowsatisfactoryagreementforthesubsonicflowbutpoor
agreementforthesupersonicflow.

4.Themaineffectoftheadditionofroughnesswasto causea sub-
stantialincreaseinthethiclmessofthesubsoniclayer.Therewasno
changeinthethicknessofthesupersonickyer. Theshapesofboththe
subsonicandsupersonicvelocityprofileswereaffectedby a corresponding
butSma~ amount.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,Januqy29,1958.
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CORNER

Inorderto obtainthecorner
madethatata particularvalueof
thewindowsandonthebottomwall
of equation(1)wasthencorrected

CORRECTION

correction,the
~ theaverage
wereidentical.

assumptionwasfirst
boundarylayerson
ThepathlengthL

as follows.Considerfigure5,in
whichitisassumedthattheboundarylayersintersectdiscontinuously.
Thesolidlineoffigure5(a)representsthepathalongwhichthemean
densityvariation(solidline)offigure5(b)isexperiencedby a light
raythatpassesthroughtheflowat thefkee-stresmedgeoftheboundary
layer.Thedashedlinesoffigure5(a),similarly,arethepathsalong
whichthedensityvariationof figure5(b)isexperiencedby a raypassing
throughthebounda~layerat a heighty = yn abovethesurfaceofthe
plate.Withinthesectionsof lightpath b betweenZ=yn and

z = 5,thedensitymaybe assumedtovaryasthedottedlineinsteadof
asthesolidline. Thevalue of Z tobe determined
thefringeshiftbetweenray n andray b withthe
willbe equalto thefringeshiftbetweenray n and
(solid)distribution.Iftheassumeddistributionof
is

s = +(P5- Pn)

andtheactualdistributionis

then

isthatforwhich
assumeddistribution “
ray b withactual
thefringeshi?t - ‘-r—

Jy(’ - ‘Jdz
2 =

‘8 - ‘n
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Theeffectivelightpath L ofequation(1)istherefore

L=W -28+22

andequation(1)becomes

~~= ~( - pb)(w - 28+ 22)
k n
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APPENDIXB

SOURCESOFERRORDUETO LIMITATIONS

THEINTERFEROMETRICMETHOD

Equation(2)canbe appliedonlyif a reference

OF

densityintheflow
field&n be definitelyes~=blished‘&difthefringe-shift-variation
throughthebound- layerisrepresentativeoftheassumedtwo-
dimensionalflowandcsmbe accuratelymeasured.

Inthisinvestigation,thefree-streamflowwasusedasthereference
condition.A schlierensurveyoftheflowbehindtheshockwasthere-
foremde todeterminewhetheranylargedisturbingfactorswerepresent
inthefreestreamoftheregionunderstudy.Twoofthesephotographs,
reproducedinfigure~, showthestreamimmediatelybehindtheshockto
be,indeed,fullofdisturbanceswhichhaveastheirsourcethejoints
intheshock-tubewall,machiningmarksontheupperwallofthetest
section,andthediaphra~burst.However,investigationwiththeinter- .
ferometerrevealeda negligibledensityvariationinthefreestream
andindicatedthatthedisturbancesvisiblein
actuallyquiteweak. M a sensitiveschlieren
mayphotographwithnearlyasmuchcontrastas
themanywavesdueto theupper-wallmachining
only0.0001to 0.0002inchinheight).

theschlierensurveywere
system,a weakdisturbance ●

a muchstrongerwave(note
marks,whichactuallywere

—

EstimatesoftheflowMachnumberM2 weremadeontheschlieren
photographsbymeasuringthepositionsofthefree-streamdisturbances
andcalculatingtheirvelocity.Onlyinthehigh-velocitycasedidthe
measurementsindicatethattheactualflowMachnumberwasdifferent
fromthevaluecalculatedfromtheshock-velocitymeasurements.h this
case,theactualflowMachnumberwasconsistentlylowby approximately
2 percent.Thisdiscrepancycouldbe causedby an incorrectshock-
velocitymeasurement,by boundary-layergrowthbehindtheshockwave,
andby theassociatedattenuationoftheshockwave. Attenuationis
notbelievedtobe a seriousfactorinthisinvestigation,becauseb
picturesof zerotimedelaytheshockappearedatthecalculatedpoint
inthetestsection,asdeterminedby theshock-velocitymeasurement.
Sincethevelocityoftheshockwavewasmeasurablewithauaccuracy
offO.5percentattheworst,thediscrepancyinfree-streamMachnumber
isprobablyduetothebounda~-layergrowthratherthanerrorindeter-
minationofthespeedoftheshockwave. Itwasnotpractical,however,
to
on

correcttheflowvelocitybymeasurementofthedisturbance-velocities
schlierenphotographsbecauseoftheuncertaintyinthesemeasurements.

●

I
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Therefore,all
minedfromthe

23

calculationswerebasedon free-streamconditionsdeter-
shock-velocitymeasurement.

A questioncommontomosttwo-dimensionalopticalflowstudiesis
whethera trulytwo-dimensionalflowexists.The‘nonidealflowfactors
inthepresentinvestigationprobablyinclude,inadditionto theside-
wallboundary-layereffect,a variationof streamconditionsand/or
boundary-layerconditionsalongthelightpathfora particularcross
sectionof theflow. lhermgnitudeofthesevariationsisnotknown,
butinviewoftheirregularvariationina longitudinaldirectionof
thevariousbmda~-layer flowquantitiesalongthewall,it is quite
conceivablethatsomevariationoccurslaterallyaswell. Othersources
of errorlieintheassumptionsthattheboundary-layerthicknessand
densityonthesidewallsarethesameas ontheflooroftheshock
tube,andthattheintersectionoftheplateandside-wallboundarylayer
isabrupt,ratherthanwithsomewhatof a roundedcornerfillet.These
twoassumptionsshouldnotresultin significanterrors,sincethe
fringeshiftisinsensitiveto disturbancesof smalldensitychamgeand
pathlength.Theonepossibleexceptionistheeffectof a cornerfillet
on thelocationof thefree-streamedgeoftheboundarylayer.

Measuringerrorscanusuallybe classifiedas eitherrandomor
systematic.Measuringerrorsof a randomnaturehavetheirsourcein
theuncertaintywithwhichcomparatorreadingscanbe madeof thecenters
of thefringes.At anyonepointintheflow,thiserroris generally
acceptedtobe a maximumof 0.1fringewidth,whichisa substantial
amountinthehigh-speedflowcase,wherethefringeshiftthroughthe
visibleportionof theboundarylayerisonly2 fringewidths.Other
randomerrorsoccurin thedeterminationof theheightofthefree-
streamboundaryandinthewalllocation.Thefree-streambounda~is
thepointwherethevelocitybecomesequalto thatof themainstream
and,fora fluidwitha Prandtlnumberof 1.0,mustbe thepoint

where pn = p asorwhere — = O.m Itfollowsthattheremightbe some
*

difficultyindefiningthethickness5 withina smalltolerance,
especiallyifsmalldisturbancescausedby turbulenteddiesintheside-
wallboundarylayersaresuper~osed. !Ihesituationisfurthercompli-
catedby theunknownbutprobablyuniformerrorcausedby thecorner
radius,andtheactualfluctuationof thepositionofthefree-stream
boundaryitself.

Wall-1ocationerroroccursbecauseof thefactthatinthephoto-
graphsofthetestsection,withorwithoutflow,thesurfaceofthe
bottomplateisnotsharplydefined.A mixtureofreflected,refracted,
anddiffractedlightproducesvariousfringepatternsthattendto
obscuretheplatesurface.Inorderto facilitatea moreaccurateesti-
mateof thelocationof thissurface,a systemof referencewires



24 NACATN4243

,

0.003inchindismeterwerephotographedthroughthedisturbance,along
withtheinterferencepattern.Withthisgrid,themagnificationof-the
picturecouldbe determinedsndthelocationofthewallplottedon each ●

interferogram. --

Themeasuredpositionofthefree-streamboundaryisplottedagainst
flowlengthinfigure6 forthevariouscombinationsoffree-stream
velocityandwallcondition.At theshorterflowlengthstherandom
errorsof fringe-positionmeasurementareexpectedtopredominatebecause
ofthethinnessofthelayerandlackof large-scsll.eturbulenceineither
theside-wallorthebottomboundarylayers.Sincetheplotslookreason-
ablysmoothinthisregionitmightbe guessedthattherandommeasuring
errorsaresmallandthatthelargefluctuationsinthefree-streambound-
arypositionatthelongerflowlengthsareduemainlyto theturbulent
eddiesintheboundarylayerunderstudy.Randomerrorsinmeasurement
cambeminimizedstatistically;ifenoughcrosssectionsareaveraged
together,theseerrorsshouldtendto disappear.Othermeasuringerrors
of a systematicnaturecausedby theprocessingoftheinterferogrsms
(suchasmagnificationerror)canbeminimizedby nondimensionalzing
theresultingdata.

s
Errorswhichdonotvarywith y ineithera randomora uniform

manner,however,arenotaffectedby averagingorbynondimensionaliza-
tion. Refractionisoneoftheseerrors.Sincepresentevaluation #
equationsinvolvingrefractioncorrectionarecumbersome,onesolution
mightbetoestablishthatintheturbulentboundarylayerunderstudy,
refractioncanbe considerednegligible.

Refractionhasthreesimultaneouseffectsonthetrajectoriesof
thelightrayspassingthrougha cooledbounderylayer.Iheseare:
(1)an integratingeffectdueto thefactthatthelightrayisbent
towardthewallandtraversessucceedinglayersof increasingdensity,
insteadof remainingintheoriginallayeras isassumedwhenrefrac-
tionisneglected;(2)a distortioneffectcausedby a verticaldis-
placementoftheraywhichmakesitappearto emergefromthetestsec-
tionata pointdifferentfromitsassumedemergentheight;and(3)a
cutoffeffectinwhicha largedensitygradientcauseslightraysnear
thesurfacetobebentontothesurfaceoftheplateandprevents
observationoftheportionoftheboundarylayerverycloseto thewall.

An analyticalinvestigationoftheserefractionerrorsforcooled
boundarylayershasbeenreportedinreference9. b thisreference,
equationsarederivedandusedto computethepathsof lightraysthrough
particularsteady-flowboundarylayersaswellastheapproximateerrors
thatrestitfromtherefractioneffects.Thesecalculations,when
appliedtothetestconditionsofboththehigh-andlow-speedboundary
layersofthisreport,showrefractiontobe negligibleforthe
boundary-layerprofilespresented.Inaddition,themeasurements s

—

.
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of thelightcutoffinthepresentcasewerecomparedwiththatpredicted
by thetheoreticalcalculationsof reference9. Thecalculatedvalues
of refractionof reference9 fortheseboundarylayerswerefoundtobe
toolargeby an orderofmagnitudeormore.

A qualitativeestimateoftheeffectsof refractionmayalsobe
obtaineddirectlyfromtheinterferencephotographs.Theeffectsof
refractionactsimultaneously,anditwillbe shownthattwoof the
threeeffectscanbe measureddirectlyon theinterferogranm.Itmight
be reasonedthatiftwoofthethreeeffectscanbe demonstratedtobe
infinitesimal,theremainingeffectmayalsobe assumedta havesmall
influenceonthemeasuredfringeshift.

Tomeasurethedistortioneffects,thepreviouslymentionedrefer-
encewireswereattachedto thesideof thetestsectiononwhichthe
lightraysenterthefluid.Oneof thesetireswasplacedsothatit
crossedthebeamof lightdiagonally,at approximatelya 450anglewith
theplatesurface.Withtheinterferometercamerafocusedmidwayacross
thetestsection,anydistortionwouldcausea bendto appearinthis
wire. Noappreciabledistortionofthewirewasnotedon anyofthe
picturesinvolved,exceptthoseof thethinbounda~layersat the
beginningof transitioninthehigh-densityflows.

Theothermeasurableeffectofrefractionwasthelightcutoff
effect.At theshortestflowlengthsof thesubsonicfreestreamover
a smoothwall,approximately1/3of theboundary-layerthicknessdis-
appeared.‘I!hiseffectdecreasedrapidlywithflowlength,sothatat
theendof thetransitionregiononly1/20oftheprofilewaslostfrom
view. Fortherestof theflowlengths,theamountof lightthatdis-
appearedwasapproximatelythesameas thatcutoffat theendof transi-
tion. Sincethelmundarylayergrewconside~blythicker,at thelongest
flowlengthslessthan1/60ofthedensityprofilewaslost. Forthe
supersonicfree-streamflow,thelightcutoffwasnotmeasurablewithin
theaccuracywithwhichitwaspossibletoplotthelocationof thesur-
faceoftheplateonthephotographs.It appearedtobe approximately
1/22ofthebounda~-layerthicknessat thebeginningof transition
andmuchlessthanthatfortherestof theflowlengthsinvestigated.
Therefore,exceptfortheprofilestakenatthebeginningof transition
inthecaseof thelow-velocityfreestream,therefractionerrorcan
be assumedtobe smallandcanbe ignored.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LsmgleyField,Vs.,January29,1958.
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!MBLE1.-AVERAGEViWM OF THETESTCONDITIONS

* ●

Subsonicfreestream Supersonicfreeslream

Smooth Rough smooth Rough
wall Ha

Totalnumberofcrcmssections
evaluated. . . . . . . . . . . . . . . 141 139 488 141

p2pl. . . . . . . . . . . . . . . . . .
I

2.078 2.c61 24.53 24.48
Pl,lbjsqin.abs. . . . . . . . . . . . 14.73 14.82 O.@? 0.292

P2,1b/6clin.~bs. . . . . . . . . . . . 30.60 30.54 7.16 7.15

% . . . . . . . . . . . . . . . . . . . 1.387 1.382 4.552 4.547

% . . . . . . . . . . . . . . . . . . . 0.497 0.492 l.no 1.769
~, ft/sec. . . . . . . . . . . . . . . 1,m 1,$9 5,207’ 5,165
~,l%jsec . . . . . . . . . . . . . . . 632 620 4,223 4,189
p2, Bhl+lft. . . . . . . . . . . . . 38.27x10-438.54x 10-42.389x10-42.420x10-4

T2,% . . . . . . . . ● . . . . . . ... 671 665 2,515 2,478
q,%. . . . . . . . . . . . . . . . . 538 535 543 533
qpz (ass- % “ Tl). . ‘*:8Q; . 0.80 O.& 0.22 0.22
Fringeshifttothewall,SW

(
V= ‘~ @~V~ti~~~er). 21.8 .zI.6 20.0 19.8

Ratioofunitflowlengthtounit
picture len@h, d~/dx . . . . . . . . . 0.67 0.66 4.28 4.27

Rperfoot offlow...., . . . . . . 5.35X106 5.52X 106 0.94x 106 0.$ x 106
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